Bullying among children is ubiquitous and associated with pervasive mental health problems. However, little is known about the biological pathways that change after exposure to bullying. Epigenome-wide changes in DNA methylation in peripheral blood were studied from pre-to post measurement of bullying exposure, in a longitudinal study of the population-based Generation R Study and Avon Longitudinal Study of Parents and Children (combined n = 1,352). Linear mixedmodel results were meta-analysed to estimate how DNA methylation changed as a function of exposure to bullying. Sensitivity analyses including co-occurring child characteristics and risks were performed, as well as a Gene Ontology analysis. A candidate follow-up was employed for CpG (cytosine-phosphate-guanine) sites annotated to 5-HTT and NR3C1. One site, cg17312179, showed small changes in DNA methylation associated to bullying exposure (b = −2.67e-03, SE = 4.97e-04, p = 7.17e-08). This site is annotated to RAB14, an oncogene related to Golgi apparatus functioning, and its methylation levels decreased for exposed but increased for nonexposed. This result was consistent across sensitivity analyses. Enriched Gene Ontology pathways for differentially methylated sites included cardiac function and neurodevelopmental processes. Top CpG sites tended to have overall low levels of DNA methylation, decreasing in exposed, increasing in non-exposed individuals. There were no gene-wide corrected findings for 5-HTT and NR3C1. This is the first study to identify changes in DNA methylation associated with bullying exposure at the epigenome-wide significance level. Consistent with other population-based studies, we do not find evidence for strong associations between bullying exposure and DNA methylation.
Introduction
The social environment is a major contributor to mental health. Bullying is a ubiquitous social stressor, with worldwide estimates ranging from one in ten to almost half of all children that are exposed [1] . Following Olweus' definition, a person is being bullied 'when he or she is exposed, repeatedly and over time, to negative actions on the part of one or more other persons'. Such negative actions should be intentional and performed by someone perceived be more powerful than the subject. Actions can include physical behaviours, such as hitting and kicking, verbal behaviours, such as calling names, as well as indirect or relational behaviours, such as social exclusion [2] . Bullying exposure (i.e. bullying victimization) has been associated with numerous mental health issues including behavioural problems, depressive symptoms [3] [4] [5] [6] and suicidal ideation [7] . However, whereas a myriad of harmful and persistent psychiatric consequences of being bullied have been identified, the biological pathways that change after exposure to bullying remain largely uncharted. Identifying these pathways is a pivotal step in understanding how peer-inflicted stress affects the human body.
Research on other environmental stressors, such as parental abuse [8] , prenatal maternal stress [9, 10] or childhood trauma in general [11] [12] [13] [14] [15] has incorporated epigenetic data to investigate the hypothesis that stressors affect the molecular configuration on and around the DNA, thereby influencing its functionality, with potential downstream effects on stress reactivity and mental health [16] [17] [18] [19] . One often studied epigenetic mechanism is DNA methylation, in which a methyl-group binds to a cytosine nucleotide of the DNA (cytosine-phosphate-guanine site or CpG site). Whereas early epigenetic studies focused on DNA methylation of a single candidate gene, there has been an increase in hypothesis-free epigenome-wide methylation studies (EWASs) investigating DNA methylation levels of hundreds of thousands of CpG sites (CpGs) across the genome. One study [11] , for example, found multiple epigenome-wide significant differentially methylated CpGs related to different types of childhood maltreatment.
In contrast to other forms of adversity, research on bullying exposure and epigenetics is markedly scarce. To the best of our knowledge, only three such studies have been performed. In 28 monozygotic twin pairs discordant for bullying exposure [20] , increased levels of methylation were observed in the serotonin transporter gene (5-HTT) promoter region for the exposed twin siblings from 5 to 10 years, but not for the non-exposed twin siblings. Another study in 1,149 13 to 14 year old children found bullying exposure to be associated with increased methylation levels of exon 1F of the glucocorticoid receptor gene (NR3C1) [21] . Further, an EWAS was performed on bullying exposure in 1,658 twins [13] , thereby expanding the search for differentially methylated sites beyond the 'usual suspects', i.e. candidate genes that have been firmly implicated in neurotransmitter and hormonal functions, to enable the identification of potentially novel biological pathways. Bullying exposure during childhood as reported by mother and child at age 7-12 years, and bullying exposure during adolescence, retrospectively reported by the child at 18 years, were however not related to differential methylation. Given that DNA methylation is expected to change over time [22] due to both extrinsic as well as intrinsic factors, a model in which DNA methylation both before and after bullying exposure is taken into account should be more sensitive to the effects of exposure.
In the current study, we made use of two population-based cohorts featuring repeated measures of DNA methylation to characterize longitudinal epigenome-wide associations with bullying exposure. Longitudinal mixed models were performed separately in the two cohorts to identify associations between exposure to bullying and changes in DNA methylation from pre-to post bullying report. Results were then meta-analysed to maximise statistical power and to evaluate coherence among the estimates derived from the two populations. Epigenome-wide associations with bullying were studied in a hypothesis-free analysis. In a secondary candidate gene follow-up analysis we examined DNA methylation at 5-HTT and NR3C1 for gene-wide associations with bullying.
Results

Sample characteristics
Sample characteristics are described in Table 1 . In Generation R, bullying exposure was reported by the mother at the mean (SD) age of 8.1 (0.1) years, and DNA methylation was measured at 6.0 (0.3) years and 9.8 (0.3) years of age. In the Avon Longitudinal Study of Parents and Children (ALSPAC), bullying exposure was reported by the child at the mean (SD) age of 8.6 (0.2) years, and DNA methylation was measured at 7.5 (0.1) and 17.1 (1.0) years of age (Supplemental Figure 1 ). In the main analysis 45.5% of children in the Generation R sample and 39.4% of children in the ALSPAC sample were categorized as exposed to bullying victimization. In the sensitivity analysis with a more stringent definition of bullying, these numbers are 9.9% and 12.1%, respectively. The current selected samples for each cohort were compared with (i) a set of participants with complete data on covariates, and (ii) a set of participants with complete data on both covariates and bullying exposure (full details in Supplemental  Table 1 ). This showed that children in the current sets had a higher gestational age and higher SES, had mothers who were older, had a higher nonverbal intelligence quotient (IQ) score and were older at bullying exposure report. In Generation R, but not ALSPAC, children in the selected sample also had a lower Body Mass Index (BMI), less behavioural problems prior to exposure, and had less reported stressful experiences other than bullying exposure. No differences were found for child sex, or bullying exposure.
Comparison of longitudinal epigenome-wide association studies
The separate longitudinal EWASs for the two cohorts (Q-Q plots in Supplemental Figure 3 ), identified no epigenome-wide Bonferroni-significant associations, with a lowest obtained p-value of p = 5.93x10 −06 (CpG site cg034529555, annotated to NAV2) for Generation R and of p = 1.08x10 −06 (CpG site cg24506221, annotated to GSTM1) in ALSPAC. Estimates for bullying exposure among the top 1000 CpG sites in each cohort more often had a negative direction (79.8% in Generation R, 66.3% in ALSAPC) than would be expected by chance (Χ 2 (1) = 355.22, p < 2.20x10 −16 for Generation R, Χ 2 (1) = 106.28, p -< 2.20x10 −16 for ALSPAC). Bullying exposure estimates among the top 1000 in Generation R were not significantly correlated with those in ALSPAC (r (998) = −0.05, p = 1.09x10 −01 ). The correlation between the top 1000 in ALSPAC was slight but significantly negative (r(998) = −0.07, p = 1.09x10 −02 ) with those in Generation R.
Meta-analysis
In the meta-analysis, one CpG site was significantly associated with bullying exposure: cg17312179 (b = −2.67x10 −03 , SE = 4.97x10 −04 , p = 7.17x10 −08 ; Supplemental Figure 4 ), a site in the leader sequence (5'UTR) of the RAB14 gene, located on chromosome 9. In Generation R (b = −2.47x10 −03 , SE = 6.17x10 −04 , p = 6.25x10 −05 ), DNA methylation of this CpG site increased on average 0.13% from the mean age of 6.0 to 9.8 years in non-exposed, but decreased −0.12% in exposed. In ALSPAC (b = −3.05x10 −03 , SE = 8.36x10 −04 , p = 2.64x10 −04 ) methylation of this CpG site increased 0.09% from the mean age of 7.5 to 17.1 years in non-exposed, whereas it decreased −0.21% in exposed ( Figure 1 ). DNA methylation differences at cg17312179 between the non-exposed and the exposed group were not present before exposure measurement, but were so after (Supplemental Analysis). The ten CpGs with the lowest p-values are shown in Table 2 (see Supplemental Table 2 for associated functions).
The top 1000 CpGs from the meta-analysis had a higher representation of CpGs with a negative estimate for bullying exposure (83.5%) than all other CpGs (58.2%, Χ 2 (1) = 261.07, p < 2.20x10 −16 ). Moreover, the top 1000 CpGs had a higher representation of CpGs with a positive age estimate (representing change in non-exposed, 79.2%) than the other CpGs (65.1%, Χ 2 (1) = 87.29, p < 2.20x10 −16 ), and a higher representation of CpGs with low levels of DNA methylation (mean β value<0.2 in both Generation R and ALSPAC, threshold as elsewhere [23] ) at both time points (55.7% versus 37.0%, Χ 2 (1) = 149.63, p < 2.20x10 −16 ), and more often located in promoters (28.8% versus 20.1%, Χ 2 (1) = 46.66, Figure 1 . Change in DNA methylation pre-and post-bullying exposure measurement for exposed and non-exposed in Generation R and ALSPAC. Data are residualized for covariates present in linear mixed model. SE: standard error; exposed/non-exposed; exposed to bullying victimization/not exposed to bullying victimization p = 8.45x10 −12 ) and CpG islands (41.8% versus 30.8%, Χ 2 (1) = 56.63, p = 5.25x10 −14 ). Together, this indicates that top sites tended to be located in promoters and CpG islands, and to have overall low levels of DNA methylation, decreasing in exposed, while increasing in non-exposed. See Table 3 for these characteristics at multiple p-thresholds.
Follow-up analyses
Sensitivity analyses A series of sensitivity analyses were performed on cg17312179 in each cohort and then metaanalysed. First, an analysis was performed with a more stringent definition of bulling exposure. Second, we reran separate analyses or additionally adjusting for (i) BMI; (ii) preexisting behaviour problems; (iii) non-verbal intelligence quotient (IQ); (iv) stressful experiences other than bullying exposure; and (v) alcohol use. The bullying exposure coefficients from sensitivity analyses were not different from the bullying exposure coefficient from the main analysis (lowest p = 7.42x10 −02 ). 'Other stressful experiences' was the only added variable that independently associated with cg17312179 (b = 2.20x10 −04 , SE = 9.96x10 −05 , p = 2.73x10 −02 ).
Genetic associations
A triad of look-ups did not show evidence of genetic associations with cg17312179 methylation. First, the probe was not present in a list of polymorphic probes [24] . Second, no cis or trans meQTLs were found to associate with this probe [25] , and third, low additive genetic influences (1.79x10 −10 %) and high shared (34.9%) and non-shared (65.1%) environmental influences have been reported for this probe based on twin heritability analyses [26] .
Look-up of previous findings in the literature Results from eleven EWASs on childhood adversity [11, 13, 15, 16, [27] [28] [29] [30] [31] [32] were searched for cg17312179 or other CpGs annotated to RAB14.
No RAB14-associated probes were reported. Since cg17312179 was not reported in these studies, we could not establish if the direction of association was congruent with the one currently reported.
Candidate gene-wide analyses
Results from the meta-analysis were separately studied for probes annotated to 5-HTT and NR3C1 (Supplemental Figure 5 ). None of the probes reached gene-wide Bonferronisignificance (thresholds p = 3.13x10 −03 for 5-HTT and p = 1.22x10 −03 for NR3C1).
Functional associations
Gene Ontology (GO) analysis on CpGs with p < 0.001 (n = 644 CpGs, n = 396 genes) yielded 126 pathways, 25 of which were confirmed by a GO analysis on CpGs with p < 0.01 (n = 5997 CpGs, n = 3722 genes) and 43 of which were confirmed by a GO analysis on CpGs with p < 0.0001 (n = 66 CpGs, n = 53 genes). Ryanodine-sensitive calcium-release channel activity as the most enriched (p = 9.99x10 −08 ) biological process (Supplemental Tables 4-6 , Supplemental Figure 6 ). Three isoforms of the ryanodine receptors exist [33] , RYR1, RYR2, and RYR3, each present in a different tissue. Here, RYR2 was part of the GO pathway, a gene specifically active in the heart tissue. Other enriched terms for biological processes involve various neurodevelopmental processes, such as astrocyte differentiation and action potential regulation, as well as processes such as muscle fibre development.
Discussion
The current study is the first to characterize epigenome-wide intra-individual changes in DNA methylation related to bullying exposure. Our meta-analysis identified a CpG site with increasing levels of DNA methylation in non-exposed but decreasing levels in the exposed group. Other research [24] [25] [26] on this probe suggests that variance in DNA methylation at this CpG is primarily explained by environmental influences, with weak evidence of genetic effects. Sensitivity analyses showed that this association was not explained by co-occurring child characteristics, co-occurring risks, or consequences of bullying, including preexisting behavioural problems, IQ, BMI, alcohol use or exposure to stressful experiences other than bullying. The site is located in the 5' untranslated region of RAB14, a member of the Ras oncogene family of GTPases. Ras GTPases are important in cellular signalling and RAB14 is involved in vesicle transport and Golgi apparatus functioning [34] , and is expressed in multiple tissues (Supplemental Figure 7) . No RAB14associated probes have been reported in previous EWAS on childhood adversity. RAB14 expression has however been associated to stress in different tissues. In rat hippocampus it was shown to be downregulated after prenatal stress [35] and upregulated after mild chronic stress in stress-resilient rats [36] , possibly marking an adaptive response. In humans, its expression was found to be reduced in the prostate of men with prostate cancer after nutrition and lifestyle intervention focused on stress reduction [37] . Also, RAB14 expression in human brain tissue has been linked to depression and suicide [38] , as was Syntaphilin, a protein that regulates synaptic vesicle processing [39] and encoded by SYNPH, a gene associated to one of the top 10 CpG sites from the meta-analysis. How the observed changes in RAB14 methylation might relate to expression levels in this gene and what the downstream effects of these changes might be, however, remains to be elucidated in future functional studies.
GO analysis showed enrichment of the biological process of ryanodine-sensitive calcium release channel activity; these channels are a pathway important in cardiac functioning and the fight-orflight response [40] . This finding is congruent with several other enriched pathways associated with cardiac functioning, and fits with GO findings from other research on epigenetics and physical abuse [11] . Further, GO analysis showed many neurodevelopmental processes, such as neuron differentiation, a biological pathway in which two of the associated genes, SYNPH and ST8SIA4, were among the top meta-analysis hits. ST8SIA4 (CMP-N-acetylneuraminate-poly-alpha-2,8-sialyltransferase) is present in the Golgi apparatus, involved in neural plasticity [41] , and ST8SIA4 knockout mice have been shown to display a decreased motivation for social interaction [42] . Functioning of both genes has been associated with brain disorders, such as schizophrenia [43, 44] and Alzheimer's disease [45, 46] . Interestingly, in contrast to previous studies [20, 21] , no associations with bullying exposure were found at candidate genes 5-HTT and NR3C1. Failure to replicate candidate epigenetic studies with epigenome-wide analyses is not uncommon [13] . This discrepancy may be explained by the stricter multiple testing correction applied in (candidate gene analyses as part of) epigenome-wide studies, or in the different specific regions tested by targeted gene approaches and microarray studies, rendering direct comparison unfeasible.
A pattern emerged of enrichment for CpGs with low overall methylation levels, increased over time, but decreased for exposed individuals. Furthermore, the top CpGs from the metaanalysis were more often located in CpG islands and promoter regions than would be expected by chance. Together this might indicate that bullying exposure is associated with an overall delayed downregulation of gene expression. However, promoter regions typically have low levels of methylation, and the enrichment of CpGs with low overall methylation levels in general seems to be more pronounced than the enrichment of promoter CpGs. In an EWAS on childhood abuse and promoter DNA methylation in adulthood [8] , the stressor was also more often negatively than positively associated with DNA methylation. In another EWAS on childhood maltreatment and DNA methylation around 10 years of age (range 5-14 years) [23] , researchers found an enrichment of CpGs with low methylation levels, often located in promoter regions as we did in the current study, but the association with maltreatment was more often positive. Unfortunately, direct comparison among studies is not straightforward because of timing differences in the measurement of DNA methylation, as well as the inherently unclear timing of often retrospectively reported stressors [32] . In the current study, effect estimates for the top ranking CpGs were incongruent and even seemed slightly oppositional between the two cohorts. One explanation might be the longer time period between bullying exposure and the DNA methylation measurement in ALSPAC. One study on timing differences in ALSPAC for example, found that recency of adversity exposure was more important in explaining DNA methylation levels than accumulation of adversity, regardless of timing [32] . On the other hand, even among top ranking CpGs associations were weak. Such effect sizes are in line however, with other epigenome-wide studies in population-based samples [13, 15, [47] [48] [49] , where exposures are generally less extreme and abundant than in risk samples that typically encounter larger effect sizes [11, 23] . In any case, thorough knowledge of normative development of DNA methylation levels is currently lacking and needed to interpret dissimilar estimates in the face of different measurement periods. Regarding the interpretation of the top hit, we further highlight that while stringent significance thresholds were used to reduce the risk of false positives, our current results may still reflect a chance finding and will need to be replicated in future studies.
To facilitate harmonization of the bullying exposure measurements in both cohorts, bullying exposure was defined with a lenient threshold. This implies that the difference in DNA methylation found for the CpG in RAB14 is associated with exposure to bullying that is prevalent for children in the normal population. A more stringent definition of bullying might have brought forward different results, but a larger sample would be preferential for such an analysis. Additionally, with the current design we were unable to control for bullying exposure that participants might have been subjected to outside of the moment of measurement. More measurements of bullying exposure would likely lead to more precise estimates. Further, more questions on the different types of bullying in the Generation R Study would have permitted us to differentiate between specific bullying exposures. Multiple reporters of bullying would have been preferable as well, especially the current use of mother report in one cohort and child report in the other is suboptimal. For the RAB14 CpG site, there was converging agreement however. Another constraint of the study was that the current selected samples were more affluent than the fuller populations of their respective cohorts, where ideally the full spectrum of characteristics for the children in our cohorts would be represented. Last, we do not know if changes in DNA methylation are the consequence of bullying exposure, or that such changes are associated with children who are more at risk of being bullied [50] . An experimental set-up, for example with an anti-bullying intervention [51] , would shed more light on this.
In conclusion, the current study is the first to report an epigenome-wide hit related to bullying exposure. This CpG site is located in the RAB14 gene and suggests that exposure bullying might be associated with Golgi apparatus functioning. The effect size was small, but in line with other population-based studies. Further, we found an enrichment for CpGs related to cardiac functioning and neurodevelopment, as well as for CpGs with low levels of methylation and sites for which DNA methylation decreased in exposed but increased in non-exposed. We believe that experimental and longitudinal research into DNA methylation is the path to a broader understanding of social stress and its effect on biological pathways.
Methods
Setting
Data were drawn from two population-based prospective birth cohorts, the Dutch Generation R Study (Generation R) and the British Avon Longitudinal Study of Parents and Children (ALSPAC). Pregnant women residing in the municipality of Rotterdam, the Netherlands, with an expected delivery date between April 2002 and January 2006 were invited to enrol in the Generation R Study. A more extensive description of the study can be found elsewhere [52] . The Generation R Study is conducted in accordance with the World Medical Association Declaration of Helsinki and has been approved by the Medical Ethics Committee of the Erasmus Medical Centre, Rotterdam. Written informed consent was obtained for all participants.
Pregnant women residing in the study area of former county Avon, United Kingdom, with an expected delivery date between April 1991 and December 1992 were invited to enrol in the ALSPAC study. Detailed information on the study design has been published previously [53, 54] . The ALSPAC website contains details of all available data through a fully searchable data dictionary and variable search tool (http://www. bristol.ac.uk/alspac/researchers/our-data/). Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Consent for biological samples has been collected in accordance with the Human Tissue Act (2004). Informed consent for the use of data collected via questionnaires and clinics was obtained from participants following the recommendations of the ALSPAC Ethics and Law Committee at the time.
In both cohorts DNA methylation was studied before and after reported bullying exposure. A timeline can be found in Supplemental Figure 1 .
Study population
In the Generation R Study, 9,778 pregnant mothers gave birth to 9,749 live-born children. For a subsample of 608 singletons DNA methylation data was collected at 6 and/or 10 years old (343 at both time points). Of these, 506 children had information available on bullying exposure and relevant covariates, including 289 children with DNA methylation available for both time points (Supplemental Figure 2(a) ). This subsample consisted of participants with parents born in the Netherlands, with European ancestry confirmed based on genetic principle component analysis for all children with genetic data available (99.6% of the current sample).
In ALSPAC, the inclusion of 14,541 pregnant mothers resulted in 14,062 live births. DNA methylation was available at 7 and/or 17 years old for a subsample of 936 European singletons (877 at both time points) as part of the Accessible Resource for Integrated Epigenomic Studies (ARIES) study [55] . For 846 of these children data on bullying exposure and relevant covariates was available, including 793 children with DNA methylation data at both time points (Supplemental Figure  2(b) ), leading to a combined sample size of 1,352 children in the meta-analysis. In each cohort, bullying exposure and covariates were compared between the selected sample and (i) a set of participants with complete data on covariates, irrespective of availability of data on bullying exposure or DNA methylation (n = 8,528 in Generation R and n = 12,393 in ALSPAC), and (ii) a set of participants with complete data on both covariates and bullying exposure, irrespective of availability of DNA methylation data (n = 4,336 in Generation R and n = 6,347 in ALSPAC).
Bullying exposure
In Generation R, mothers filled out a questionnaire (adapted [56] ) containing three questions on bullying exposure in the past few months, covering physical ('In the past few months, how often has your child been bullied by way of spitting, hitting, kicking, or pinching?'), verbal ('In the past few months, how often has your child been bullied by insulting, calling names or laughed at?'), and relational bullying ('In the past few months, how often has your child been bullied by being excluded from activities, ignored by other children, or gossiped about?'). Items were rated on a 5-point scale (ranging from never to several times a week). In ALSPAC, bullying exposure was measured through self-report with an adapted version of the Bullying and Friendship Interview Schedule (BFIS) [57] . Nine questions covered physical (being hit or beaten up/belongings taken), verbal (threatened or blackmailed/tricked/called nasty names), and relational forms of bullying (others would not play with them/being made to do things they did not want to do/others told lies or nasty things about them/had games spoilt) in the preceding six months on a 4-point scale (ranging from never to at least once a week). Internal reliability of both measures was acceptable (Generation R: α = 0.74, ALSPAC: α = 0.73). Scores were dichotomized to harmonize the two bullying scales and avoid issues arising from extreme skewness of the data. Children were classified as being exposed to bullying if they were bullied 'at least once or twice in the past few months' on at least one of the items in Generation R, and at least '1-3 times in the past six months' in ALSPAC [58] [59] [60] [61] .
Variables sensitivity analyses
A more stringent bullying exposure variable was defined, in which children were classified as exposed when at least indicated to be bullied '2 or 3 times a month' in Generation R, and they at least indicated to be bullied 'about once a week' in ALSPAC.
Body Mass Index (BMI) (kg/m2) was measured at 6 and 10 years in the Generation R and 7 and 17 years in the ALSPAC. Values were standardized to SD scores, adjusted for age and sex.
Child behavioural problems were measured at age 3 years with the mother-reported Child Behaviour Checklist for toddlers (CBCL1½-5) [62] in Generation R. Ninety-nine items were scored one a 3-point scale (range 0-2), regarding symptoms of anxiety, sadness, withdrawn behaviour, attention problems, and aggressive behaviours (α = 0.92). Items were summed into a weighed total problem behaviour scale, with 25% missing allowed. In ALSPAC, the mother-reported Strengths and Difficulties Questionnaire (SDQ) [63] at 4 years was used. The scales for emotional, conduct, and hyperactivity problems were used as a total problem behaviour score, consisting of 15 items, each rated on a 3-point scale (range 0-2) (α = 0.74). The remaining problem scale of the SDQ, the 'peer problems' scale, was excluded from the total score due to content overlap with bullying exposure.
Child non-verbal intelligence quotient (IQ) was measured by testing visuospatial abilities (Mosaics) and abstract reasoning (Categories) with the Snijders-Oomen Niet-verbale Intelligentie Test-Revisie (SON-R 2½-7) [64] at age 6 years in Generation R. In ALSPAC, a shortened version of the Wechsler Intelligence Scale for Children (3 rd UK edition (WISC-III)) [65] was measured at age 9 years.
Other stressful experiences were measured in Generation R with a major life events inventory [66] , reported by the mother, when the child was 10 years. This inventory covers stressful life events spanning the lifetime of the child, such as physical abuse, sexual abuse, conflict in the household, illness or death in the family, and parental separation. Three items related to bullying exposure were excluded, leaving 21 items (range 0-1). In ALSPAC, we used an Adverse Child Experiences (ACE) lifetime composite score [15, 67] . This score is based on 541 questions mapping on to 10 ACEs up to age 16 years. Participants were included if there was at least 50% of the data available for each ACE. We excluded the ACE for bullying, leaving physical, sexual, and emotional abuse, emotional neglect, substance use in the household, violence between parents, parental mental health, parent conflict, parent offence, and parental separation (each range 0-1).
Last, alcohol use was measured in ALSPAC with Alcohol Use Disorders Identification Test (AUDIT) at age 17. This tests consists of 10 items (range 0-4); a total score of 8 or more is considered hazardous [68] .
DNA methylation
Both cohorts used the EZ-96 DNA Methylation kit (Shallow) (Zymo Research Corporation, Irvine, USA) for bisulphite conversion on the extracted DNA. DNA methylation profiles were generated using the Illumina Infinium HumanMethylation450 BeadChip (Illumina Inc., San Diego, USA). Quality control and normalization steps can be found in Supplemental Methods. Analyses were restricted to 473,864 autosomal CpGs. DNA methylation levels are characterized by beta values (β values), representing the ratio of methylated signal relative to the sum of methylated and unmethylated signal measured per CpG. Outlying data points outside the 3*interquartile range were winsorized to the nearest point for each CpG. White blood cell (WBC) composition was estimated using the reference-based Houseman method [69] . Batch effects and additional unknown confounding were estimated using surrogate variable analysis (SVA) in meffil [70, 71] in R version 3.4.3 [72] .
Statistical analyses
Associations between bullying exposure and changes in DNA methylation were analysed with a linear mixed model:
Here, M denotes DNA methylation level, β 0 fixed intercept, u 0i random intercept, β 1 fixed age coefficient, β 2 fixed bullying exposure coefficient, and ϵ random error. The Bullied variable was set to 0 for the first DNA methylation measurement and to 1 or 0 for the second measurement depending on whether the participant had been exposed to bullying, or not, respectively, and random intercept u 0i allowed for inter-individual variation in DNA methylation at the first measurement. Participants are denoted by i and time points by j. Covariates included sex, gestational age, socio-economic status as indicated by highest attained educational level of the mother (low versus medium or high), surrogate variables (n = 20), WBCs (CD4 + T-lymphocytes, CD8 + T-lymphocytes, natural killer cells, B-lymphocytes, monocytes, and granulocytes). Current direct and second-hand smoking was adjusted for with the methylation level of AHRR cg05575921, which has proven to be a valid marker of tobacco exposure [73] [74] [75] [76] . Methylation level for this CpG at both time points was entered into the equation, with levels divided into quintiles (as described elsewhere [77] ) and lower levels indicating more smoking. Linear mixed models were applied using the lme4 package [78] . To compare congruency between results from the two cohorts, estimates of the top 1000 CpGs in each cohort were correlated with estimates of those CpGs in the other cohort (as elsewhere [15] ). Meta-analysis of estimates and standard errors of the two cohorts was performed using fixed models within the metafor [79] R package. To account for multiple testing (n = 473,864 CpGs), the significance threshold was set at a Bonferroni-corrected p-value of 1.06 × 10 −07 .
Follow-up analyses
Sensitivity analyses
A series of sensitivity analyses were performed on CpGs with p < 1.06x10 −07 in the meta-analysis. First, because the classification of bullying exposure is rather broad in the main analysis, we performed a sensitivity analysis with a more stringent dichotomization. Second, we reran analyses additionally adjusting for the following potential confounders or mediators that have been previously shown to associate with bullying exposure and DNA methylation. In each sensitivity analysis, one of the following variables was added to the main analysis: (i) Body Mass Index (BMI) (kg/m 2 ) SD scores, adjusted for age and sex, at 6 and 10 years in Generation R and 7 and 17 years in ALSPAC (full sample size available) [60, 80] ; (ii) pre-existing behavioural problems (Generation R n = 451, ALSPAC n = 794) [5, 50] ; (iii) child non-verbal IQ (Generation R n = 465, ALSPAC n = 811) [81] ; (iv) stressful experiences other than bullying exposure (Generation R n = 482, ALSPAC n = 597) [82, 83] ; and (v) alcohol use in ALSPAC (n = 624), where children are older [84, 85] . For each sensitivity analysis, the coefficient for bullying exposure was compared with that for the main analysis with a z-test [86, 87] .
Genetic associations
DNA methylation for CpGs with p < 1.06x10 −07 in the meta-analysis were tested for genetic associations in three ways. First, a look-up was performed in a list of CpGs located on a single nucleotide polymorphism (SNP), e.g. polymorphic CpGs . Second, we tested for known associations with genetic variants, e.g. methylation quantitative trait loci, in cis (cis meQTLs) and in trans (trans meQTLs; http://www.mqtldb.org/; GCTA set) [25] . Third, we tested for additive genetic influences versus shared and unique environmental influences on the DNA methylation, as based on twin heritability analyses [26] .
Look-up of previous findings in the literature Previous studies on childhood adversity and DNA methylation, measured with the Illumina Infinium HumanMethylation450 BeadChip, were searched for current CpGs with p < 1.06x10 −07 and their associated genes in the meta-analysis. Eleven studies were selected [11, 13, 15, 16, [27] [28] [29] [30] [31] [32] . All studies examined childhood abuse or trauma, on study additionally examined bullying [13] .
Candidate gene-wide analyses
A candidate gene follow-up analysis was conducted on the results stemming from the metaanalysis, for sites annotated to 5-HTT and NR3C1. The significance threshold was set at a Bonferroni gene-level corrected p-value of 3.13 × 10 −03 (n = 16 CpGs) and 1.22 × 10 −03 (n = 41 CpGs), respectively.
Functional associations
Enrichment of Gene Ontology (GO) pathways was tested for genes associated with CpGs with p < 0.001 in the meta-analysis (cut-off described elsewhere [11] ), while adjusting for gene size and pruning for redundant terms (a full method description can be found elsewhere [11] ). Terms with p < 0.05 and more than one associated genes are reported, and highlighted if confirmed by near-identical terms from GO analyses with CpGs p < 0.01 and p < 0.001 in the meta-analysis.
